Abstract -The objective of this paper was to use a thermodynamic analysis to find operational conditions that favor the production of hydrogen from steam and oxidative reforming of liquefied petroleum gas (LPG). We also analyzed the performance of a catalyst precursor, LaNiO 3 , in order to compare the performance of the obtained catalyst with the thermodynamic equilibrium predictions. The results showed that it is possible to produce high concentrations of hydrogen from LPG reforming. The gradual increase of temperature and the use of high water concentrations decrease the production of coke and increase the formation of H 2 . The reaction of oxidative reforming of LPG was more suitable for the production of hydrogen and lower coke formation. Furthermore the use of an excess of water (H 2 O/LPG =7.0) and intermediate temperatures (973 K) are the most suitable conditions for the process.
INTRODUCTION
The great interest in the use of fuel cells in homes, transportation, and chemical industries has stimulated the demand for large-scale production of hydrogen (Ahmed and Krumpelt, 2001; Cheekatamarla and Finnertya, 2006; Rossi et al., 2009; Montané et al., 2011; Dantas et al., 2012) . In addition, the application of more stringent environmental laws in relation to gaseous pollutants such as ash, hydrocarbons (HCs), nitrogen oxides (NOx) and carbon monoxide (CO) in industrial processes has required the development of cleaner technologies (Barreto et al., 2003) .
However, for fuel cell systems to be employed on a large scale, it is necessary to develop processes to produce high-purity hydrogen and to store that hydrogen at the same place where it will be used. Therefore, obtaining hydrogen from compounds that already have a distribution network, such as natural gas, oil, ethanol (in the case of Brazil) and liquefied petroleum gas (LPG) , is a requirement to fully implement a hydrogen-based economy (Ayabe et al., Brazilian Journal of Chemical Engineering 2003; Gokaliler et al., 2008; Jeong and Kang, 2010; Li et al., 2010) . Industrially, the most common route for hydrogen production has been steam reforming of methane (Rossi et al., 2009) , although there are several studies in the literature reporting the use of other compounds such as ethanol, propane and butane to obtain hydrogen (Montané et al., 2011; Gokaliler et al., 2008; Jeong and Kang, 2010; Li et al., 2010) .
The oxidative reforming, which involves coupling reactions of steam reforming and partial oxidation, seems to be a good route for hydrogen production, since it usually lowers catalyst deactivation due to coke deposition and improves the thermal balance, depending on the concentration of oxygen fed (Dias and Assaf, 2004) . Recently, several studies have analyzed the use of propane (Silberova et al., 2005; Faria et al., 2008; Corbo and Migliardini, 2007) , butane (Avci et al., 2004; Ferradon et al., 2010) and liquefied petroleum gas (LPG), a mixture in which the main components are propane and butane (Laosiripojana and Assabumrungrat, 2006; Moon, 2008) , for hydrogen production.
The literature reports the use of transition metals such as Ni, Ru, and Rh for LPG reform reactions (Laosiripojana and Assabumrungrat, 2006; Moon, 2008; Laosiripojana et al., 2011) . For hydrocarbon reform reactions, nickel is usually a good choice since it presents good activity and stability. In addition, the cost of nickel is low when compared to noble metals, such as Pt and Rh. Usually, a good catalyst for reforming reactions should have a good metal dispersion. An alternative way to provide this property is the use of the perovskite structure as a catalyst precursor (ABO 3 A = alkali metal, alkaline earth or rare earth, B = transition metal). These oxides have a structure that is able of accept a wide range of defects caused by partial substitution at the A and/ or B positions, which may provide interesting properties for the resulting catalysts (Lima et al., 2010) .
Although there are several literature reports that analyze the thermodynamics of the reforming of hydrocarbons to produce hydrogen (Díaz Alvarado and Garcia, 2010; Zeng et al., 2010; Wang et al., 2010) , there are none that evaluated the effect of using LPG as the hydrocarbon source. There are some experimental studies available on LPG reform, which show the use of different types of catalysts, operating conditions and selectivities for H 2 and CO. (Laosiripojana and Assabumrungrat, 2006; Gokaliler et al., 2008; Moon, D. J., 2008; Laosiripojana et al., 2010; Laosiripojana et al., 2011) . However, the effects of operational parameters such as reaction temperature, steam/carbon and oxygen/carbon ratios still are not clear in the literature. Therefore, thermodynamic analysis can be applied to this process in order to help to determine optimal conditions and operating parameters that can lead to the best experimental conditions, maximizing H 2 yield and minimizing coke formation, while reducing operational costs.
In this context, the objective of this paper was to use a thermodynamic analysis to find operational conditions that favor the production of hydrogen from steam and oxidative reforming of LPG. The variables studied were temperature and feed composition. We decided to fix the pressure at 1 atm for this study, since the literature reports that the best H 2 yields are obtained at this condition Wang et al., 2011) . In this work we also analyzed the performance of a catalyst precursor, LaNiO 3 (perovskite), in order to compare the performance of the obtained catalyst with the thermodynamic equilibrium predictions in the steam and oxidative reforming of LPG.
METHODOLOGY Thermodynamic Analysis
In this work, Brinkley´s stoichiometric method was used to minimize the Gibbs free energy (Walas, 1985) . To apply this method, it is necessary to select a set of independent reactions representative of the reaction system, as well as the thermodynamic properties of all species considered. For each reaction considered, it is necessary to evaluate the equilibrium constant at the temperature considered at the reference pressure (usually taken as atmospheric pressure). For a system with i species and j reactions occurring, we have:
n is the number of moles of species i present in the feed and j  is the coordinate number of the reaction j.
The total derivative of the Gibbs free energy is given by:
The equilibrium condition is achieved when the Gibbs free energy for the system reaches a minimum Brazilian Journal of Chemical Engineering Vol. 32, No. 03, pp. 647 -662, July -September, 2015 value. At equilibrium, with T and P constant, we have:
temperature and pressure of 1 atm and ˆi f is the fugacity of species i in the mixture. Replacing the activity ( ) i a in Equation (7), we have:
Rearranging, we have:
Therefore, for each reaction j, the equilibrium constant of each reaction is calculated by:
 is the stoichiometric coefficient of the species i in the reaction j. In the gas phase, the activity can be evaluated by:
where i y is the mole fraction, ˆi  is the fugacity coefficient and P is the reference pressure of 1 atm.
We considered 1 o i f  atm because the values of formation energy were evaluated at 1atm and, in this condition, the species can be considered to be an ideal gas. The operational conditions of the reaction system considered are atmospheric pressure and high temperature. In these conditions, the mixture in the gas phase can be considered to be an ideal gas mixture. This occurs because the intermolecular interaction parameter decreases with increasing temperature. For ideal gases,
The activity of solid carbon can be considered equal to unity ( 1) c a  because the fugacity of a solid is not very sensitive to pressure. We also considered that in the solid phase, there is just carbon (no gas is adsorbed on the solid). Therefore,
. The mole fraction of species i is given by:
Since the equilibrium constant of each reaction is evaluated from Equation (10), it is necessary to calculate the change in the Gibbs free energy for the reaction j at a temperature T and pressure of reference of 1 atm. This calculation is done using Equations (14) to (17):
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The standard values of enthalpy and entropy, as well as heat capacity values, were obtained from the literature (Smith et al., 2007) .
Validation of the Computer Code
Data from the literature (Zeng et al., 2010; Li et al., 2008) were used to validate our computer program, which was based on Brinkley´s method. The dry reform of methane was evaluated in three different operational conditions, as reported by Li and coworkers (2008) . In the dry reform of methane, without feeding O 2 , the relevant species include CH 4 , H 2 O, CO, CO 2 , H 2 and solid carbon. In this case, just 3 independent reactions are necessary to represent the system. The following reactions were used in this validation, which was called Case 1:
The conditions evaluated were:
 T = 973 K; P = 1 atm; O 2 /CH 4 = 0; CO 2 /CH 4 = 1  T = 1073 K; P = 1 atm; O 2 /CH 4 = 0; CO 2 /CH 4 = 1  T = 1073 K; P = 2 atm; O 2 /CH 4 = 0; CO 2 /CH 4 = 1
We also used another literature study to continue the validation of the computer program. Zeng and coworkers (2010) estimated the thermodynamic equilibrium composition for the oxidative steam reforming of propane. We used the data from this study relative to propane steam reform, without the presence O 2 , in which the following species were considered: C 3 H 8 , C 3 H 6 , C 2 H 6 , C 2 H 4 , CH 4 , CO, CO 2 , H 2 and H 2 O. In this case, the set of independent reactions chosen is presented below (Case 2): 
LPG System
Recent experimental studies have shown that the LPG reforming reaction system can be represented by the following species: C 4 H 10 , C 3 H 8 , C 2 H 6 , C 2 H 4 , CH 4 , CO, CO 2 , H 2 , H 2 O and solid carbon (Laosiripojana and Assabumrungrat, 2006; Moon, 2008) . In this work, two distinct cases were studied. The first one, called "Case 3", involved butane, propane and steam in several proportions. This system was represented by the seven linearly independent reactions listed below. For the second analysis (Case 4) one more species (oxygen) was added to represent the oxidative system. This system was described by the seven reactions already listed above plus reaction 4.8. The following equations were used to evaluate the mole fractions of H 2 , CO, CH 4 , CO 2 on a dry basis and conversion of butane and propane formed at equilibrium in Case 3. 
In Equation (18), n i and n j are the mole numbers of species i and j in the reactor outlet stream (H 2 , CH 4 , CO, CO 2 , C 2 H 4 , C 2 H 6 , C 3 H 8 , C 4 H 10 ), respectively. For Case 4 that represents the reaction of oxidative reforming of LPG, the equations were the same as those used in Case 3, but with the number of moles of unreacted oxygen added to the denominator of Equations (18), (19) and (20).
For the solution of the reaction system, we used Maple12 with a few restrictions on the search range. The restrictions are relative to the number of atoms of carbon, hydrogen and oxygen present in the system. The reaction coordinate numbers ( j ) are not independent. The two restrictions that we used were related to the extent of reactions 3.4 and 3.6 for Case 3 and reactions 4.4 and 4.6 for Case 4.
The energy demand (Q) was defined as the amount of energy necessary to heat the LPG and water from 298 K up to the desired temperature in the reactor (Equation (20)). Both LPG and water were considered to be pure components in the feed. For LPG, the energy demand is just that necessary to heat this gas from 298 K to the desired temperature (Equation (21)). In the case of H 2 O, at the reference temperature (298 K), this species is a liquid and at the reactor temperature it is a vapor (referred to in this study as steam). Therefore, the energy demand for water (Equation (21)) is composed of three terms: (i) the first one related to the energy necessary to heat the liquid water from 298 K to 373 K at 1 atm of pressure; (ii) the second term represents the vaporization heat at 373 K and 1 atm; (iii) the last term represents the heating of vaporized water (steam) from 373 K to the reactor temperature at 1 atm.
where [ 
Experimental Catalyst Preparation
The perovskite precursor (LaNiO 3 ) was prepared by a precipitation method adapted from Lima and coworkers (2010) . An aqueous solution of sodium carbonate (0.5 M) was rapidly added to a freshly prepared aqueous solution of La(NO 3 ) 3 ·6H 2 O and Ni(NO 3 ) 2 ·6H 2 O under vigorous stirring, until reaching pH 8. Then, the formed precipitate was washed and filtered under vacuum to remove remaining contaminant ions. The obtained solid was dried in a furnace at 338 K for 20 h and calcined under a flow of synthetic air (50 mL.min ) for 6 hours.
Catalytic Test (a) Steam Reforming of LPG
Steam reforming of LPG was carried out in a fixed-bed tubular quartz reactor operated isothermally at atmospheric pressure. The "U' shaped reactor was ¼ in. (outside diameter) with a small bulb where the catalyst was placed. This reactor was positioned in the experimental unit inside a high temperature furnace equipped with a thermocouples and a temperature controller. The multipurpose experimental unit was composed of a set of 4 mass flow controllers that were responsible to feed the desired gases at each step of the experiment. In addition, there was a high pressure pump to feed liquid water. This water was evaporated in a section maintained at 453 K and the obtained gas then mixed with the other reactants coming from the mass flow controllers. All the lines were heated at 453 K to ensure that there was no condensation of the water coming from the pump. Prior to the tests, the perovskite-type oxides (~10 mg) diluted with quartz (40 mg) were reduced using pure H 2 (30 mL.min ) and a linear temperature increase (10 K.min -1 ) up to 973 K. This temperature was kept for 2 h. After this, the sample was purged under Ar flow (30 mL.min -1 ) at the same reduction temperature for 30min.The steam reforming of LPG was carried out at 873, 973, 1073, and 1173 K using feeds with H 2 O /(C 4 H 10 -C 3 H 8 ) ratios equal to 3.5, 7.0 and 10.0. The total flow rate was with a total flow rate of 200 mL.min -1 and mass equals to 10 mg of catalyst were used for catalytic tests.
(b) Oxidative Reforming of LPG
The same system and conditions were used for the oxidative reforming of LPG. The tests were carried out at 873, 973, 1073, and 1173 K using a feed with a Table 1 shows the validation of the computational code used in this work comparing the data obtained here and those estimated by Li and coworkers (2008) considering the system of dry reforming of methane (Case 1). At all analyzed conditions, the errors, in general, were very small for all variables (conversions of CH 4 and CO 2 , as well as H 2 and C(s) yield). Table 2 presents the comparison of predicted thermodynamic equilibrium data obtained by Zeng and coworkers (2010) Table 3 presents the equilibrium constants for the reactions considered in the steam reforming system calculated at different temperatures (873 to 1173 K). We can observe that reactions 3.1, 3.2, 3.3, 3.4, 3.5 are endothermic, while reactions 3.6 and 3.7 are exothermic. Therefore, as usually is demonstrated in both experimental and theoretical studies, the use of higher temperatures favors both hydrogen production (reactions 3.1 to 3.5) and reduction of coke deposition (reaction 3.7). However, the use of high temperatures increases the operational costs and, therefore it is important to evaluate the effect of variables such as temperature and steam to hydrocarbon ratio on the hydrogen production, coke deposition and energy demand. Usually LPG is represented by a mixture of the following species: C 4 H 10 , C 4 H 8 , C 3 H 8 and C 3 H 6 (Laosiripojana and Assabumrungrat, 2006; Moon, 2008) . In order to better understand the influence of the presence of saturated and unsaturated compounds in the feed on the final equilibrium compositions of hydrogen, LPGs with different amounts of saturated and unsaturated hydrocarbons were evaluated. For this analysis, two additional reactions were added to case 3, representing the reaction of butene and propene with water to form CO, H 2 and a smaller chain hydrocarbon. Table 4 . Although it can be noted that the feeds containing higher amounts of saturated hydrocarbons led to higher H 2 yields, it is clear that the effect of temperature is more pronounced than the effect of feed composition. Therefore, in order to simplify the analysis and the experimental set up, we decided to consider LPG only as a mixture of saturated hydrocarbons (50% C 4 H 10 -50% C 3 H 8 ). 
RESULTS AND DISCUSSION

Validation of Thermodynamic Data
Moles of H 2 T (K)
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The calculated equilibrium conversions of C 4 H 10 and C 3 H 8 , mole fractions of H 2 , CO, CO 2 , CH 4 and H 2 /CO ratio are shown in Figure 2 (H 2 O/LPG = 3.5/0.5C 4 H 10 -0.5C 3 H 8 ). It can be noted that, at all temperatures, the equilibrium conversion for C 3 and C 4 species is total. Major differences can be observed when analyzing the influence of temperature on the mole fractions of methane, carbon dioxide, carbon monoxide and hydrogen. The temperature increase causes a decrease in the mole fraction of methane and an increase of the mole fractions of CO and H 2 .This fact can be related to the steam reforming of methane (reaction 3.5) which, as shown in Table 3 , has an endothermic character. The increase in temperature also causes a decrease in the mole fraction of carbon dioxide. Probably, the reverse water gas shift reaction is favored, which explains the drop in the CO 2 mole fraction, with simultaneous increase of CO mole fraction as the temperature raised. 
At high temperatures, in this system, the final state is the production of C* and H 2 , because this condition favors the decomposition of methane.
Thus, a simplified mechanism for the LPG reform could be described as: the hydrocarbons are broken into solid carbon (C*) and hydrogen on the catalyst surface, which is desorbed as H 2 . Then, the solid carbon is oxidized to form CO or CO 2 by oxygen provided by water molecules. The balance between these two processes can be verified by the H 2 /CO ratio. The stoichiometric value of the H 2 /CO ratio for LPG reforming is equal to 2.29. When the H 2 /CO ratio is higher than this value, probably the first process of the mechanism occurs and, since CO is not forming, carbon accumulates on the catalyst surface.
The data in Figure 2B show that at 873 K the H 2 /CO ratio is 6.3, indicating that at lower temperatures the first stage of the reform mechanism of butane and propane -conversion of the hydrocarbons into H 2 and C* -is occurring. Consequently, due to the use of milder temperatures, the oxygen from water does not remove all the carbon deposits, resulting in a low CO yield. However, above 1125 K, the H 2 /CO ratio is approximately equal to that predicted by stoichiometry, suggesting that the use of high temperatures is necessary to prevent carbon accumulation. This result is in agreement with Zhuand coworkers (2010), who also obtained lower values of the H 2 /CO ratio at higher temperatures during the steam reforming of methane. For CO 2 , the temperature rise generates a decrease in the fraction of this compound. In accordance with Avci and coworkers (2004) , the water-gas-shift reaction is slightly exothermic, indicating that at higher temperatures the formation of CO 2 is impaired. The catalyst precursor used in these tests was LaNiO 3 since it presented good results for reactions of hydrocarbon reforming (Lima et al., 2010) . In Figure  3A , it can be seen that the increase in temperature leads to higher propane and butane conversions, as expected (Avci et al., 2004; Corbo and Migliardini, 2007) . Most of the experimental data obtained in this study follow the same trends of the ones predicted by the thermodynamic analysis. H 2 mole fraction increases sharply from 873 K, stabilizing around 1073 K (0.67). CO mole fraction increases with increasing temperature; however, the amounts of CO 2 and CH 4 gradually decrease. According to Rostrup-Nielsen and Sehested (2002) , for nickel-based catalysts, hydrocarbon molecules adsorb on the metal and suffer successive scissions. The resulting C* species can react with oxygen species generated by the dissociation of water, or remain adsorbed on the active sites, resulting in deactivation of the catalyst. The H 2 /CO ratio obtained experimentally ( Figure 3B ) confirms that, below 973 K, the formation of C* and H 2 occurs, but probably due to the low temperature the second process, which is the production of CO or CO 2 , is inhibited.
In the search for the best operational conditions, we evaluated the amount of water necessary to obtain 1% or less of carbon deposition under equilibrium conditions for the steam reform of LPG. The feed was again a mixture of 0.5 mol of C 4 H 10 and 0.5 mol of C 3 H 8 with different amounts of water. The results are presented in Figure 4 . The number of moles of hydrogen obtained per mol of hydrocarbon fed ( Figure 4A ) increases sharply with the rise of both temperature and water in the feed. Figure 4B presents the number of moles of solid carbon obtained under the same conditions. It can be noted that the amount of solid carbon at equilibrium decreases with the increase of temperature and water fed. However, both variables probably will increase the operational costs. Figure 5 shows the effect of excess water on the ratio H 2 /CO experimentally obtained in the reaction of steam reforming of LPG as a function of temperature. Note that at high temperatures (above 1000 K), independent of the H 2 O/LPG ratio used, the H 2 /CO ratio decreases to values close to the stoichiometric one (H 2 /CO = 2.29). However, the use of a large excess of water (H 2 O/LPG = 10) did not lead to higher H 2 yields. Therefore, this condition is not recommended since it would have much higher energy costs. According to Wang and coworkers (2010) , above 1000 K, regardless of the amount of water added in a hydrocarbon reform system, the H 2 /CO ratio obtained is small and close to the stoichiometric value. ). The reactions were carried out at different temperatures: 873, 973, 1073 and 1173 K. Note that, regardless of the feed, the temperature increase generates an increase in the conversions of propane and butane. Furthermore, the use of a higher H 2 O/LPG ratio generated an increase in conversion. Similar results were observed by RostrupNielsen and Sehested (2002) for the steam reforming of methane: the use of high steam/hydrocarbon ratios (4-5 moles of H 2 O per carbon atom) resulted in high hydrocarbon conversions.
The data obtained at 873 K ( Figure 6A ) also show that the H 2 mole fraction began around 0.45 and de creased strongly (~0.26) during the 6 hours of reaction. At 973 K, there is an initial increase in this variable (~ 0.69). However, after approximately 2 hours of reaction, there is a decrease in the H 2 mole fraction. According to Laosiripojana and Assabumrungrat (2006) , milder temperatures favor the decomposition of butane and propane and the final state is the production of C* and CH 4 . The resulting C* species can react with oxygen species from the dissociation of water, or remain adsorbed on the active sites, leading to deactivation of the catalyst. Therefore, at intermediate temperatures (873 and 973 K), it is possible that the formation of C* species is privileged, thus justifying the strong catalytic deactivation. At 1073 K, we note that, during the 6 hours of reaction, the hydrogen mole fraction is initially lower than at 973 K and stable around 0.65. Starting from 1073 K, there is a large increase in the production of CO, which results in the decrease of the fraction of H 2 and stability of the reaction system. The stability observed in these data is directly related to the use of high temperatures, which results in the removal of carbon deposits, causing a higher catalytic stability.
H 2 mole fractions obtained from the steam reforming of LPG using a molar ratio of H 2 O/LPG equal to 7.0 are shown in Figure 6B . At 873 K, this Figures 6A-B, we note that the H 2 mole fraction is smaller for the system with the larger amount of steam. This happens because the larger quantity of water favors the formation of both CO and H 2 . Thus, the increase in the number of moles of CO results in a decrease in the H 2 mole fraction for all temperatures analyzed. Similar results were observed by Zhu and coworkers (2010) , who analyzed the production of hydrogen and synthesis gas in steam reforming of methane. According to these authors, the increased amount of vapor and temperature promote the increase in both H 2 and CO mole fractions.
The data obtained for the H 2 mole fraction for a H 2 O/LPG ratio equal to 10 are shown in Figure 6C . Independent of the temperature analyzed, during the 6 hours of reaction, the H 2 yields were stable, indicating that excess water favors the catalytic stability. At temperatures above 973 K, the values of the H 2 mole fraction are larger in comparison to the lowest temperature (873 K). Another interesting fact is that, regardless of the amount of water added to the system ( Figures 7A-C) , the mole fraction of H 2 was higher at 973 K. However, stable and high values of H 2 mole fractions were obtained when using a ratio H 2 O/LPG = 7.0. This is an indication that the temperature of 973K and ratio H 2 O/LPG= 7.0 are the most appropriate conditions for this process. Similar results were thermodynamically predicted by Wang and coworkers (2010) , who analyzed the best operating conditions for the reactions of steam and dry reforming of propane. According to these authors, in relation to the amount of hydrogen obtained in the steam reforming of propane, the number of moles of H 2 increases steadily with increasing temperature when the ratio H 2 O/C 3 H 8 is less than 6.
It is important to consider that the addition of excess water should be considered carefully because it is related to the operating cost of the process. The effect of the addition of excess steam at different temperatures on the energy demand for the steam reform of LPG is presented in Table 5 . This table shows the energy demand required to operate the system with 3.5, 7.0 and 10.0 moles of water at temperatures ranging from 873 to 1073 K. The temperature increase causes an increase in energy demand, independent of the amount of water used, leading to higher operating costs. Experimentally, it was observed that the most appropriate operating conditions to obtain H 2 from steam reforming of LPG were: T = 973 K and H 2 O/LPG = 7.0. Table 5 shows that, under these experimental conditions, the operating costs are intermediate, which can facilitate the industrial implementation of these operational conditions. 
Comparison Between Thermodynamic and Experimental Oxidative Reforming of LPG System
The addition of oxygen to the system can be a good choice to try to decrease the amount of solid carbon that is generated mainly in systems with higher hydrocarbons. According to Ayabe and coworkers (2003) , oxidative reforming, which is the combination of the reactions of steam reforming and partial oxidation, may cause a decrease in the amount of coke generated. Table 6 presents the equilibrium constants for all the reactions of oxidative reforming of the LPG system calculated at different temperatures (873 to 1173 K). Reactions 4.1, 4.2, 4.3, 4.4, 4.5 are endothermic, while reactions 4.6 and 4.7 are exothermic. Reaction 4.8 represents the addition of oxygen to the oxidative reforming system, which is an exothermic reaction. necessary to obtain 1% or less of carbon deposition for the oxidative reform of LPG. The hydrocarbon to oxygen ratio in the feed was 0.5C 4 H 10 -0.5C 3 H 8 /0.25. Compared to Figure 4A , the addition of oxygen generated a small increase in hydrogen yield, independent of temperature and the amount of water used. This result is in agreement with the literature (Ayabe et al., 2003; Gokaliler et al., 2008) . Figure 7B presents the number of moles of solid carbon obtained in these same conditions. Independent of temperature and the amount of water used, the addition of oxygen led to lower coke formation, as predicted in various studies in the literature (Faria et al., 2008; Li et al., 2008) . In general, the addition of oxygen to the system resulted in an increase in the H 2 mole fraction in both experimental and equilibrium conditions, especially at 873 K where there is a high coke formation. Similar theoretical results were obtained by Zeng and coworkers (2010) , who evaluated thermodynamically the oxidative reforming of propane. According to these authors, in cases where the addition of oxygen occurs, there is an increase in the total energy of the system, which consequently causes the promotion of carbon consumption reactions. However, experimentally even with the addition of oxygen, it was not possible to avoid the deactivation process at 873 K. This deactivation is related to coke formation.
Increasing the temperature to 973 K, the H 2 mole fraction increases and reaches higher values than predicted by the equilibrium calculation. This happens because, in this temperature range, there is a real increase in the number of moles of hydrogen due to the temperature increase. Furthermore, the amount of CO obtained experimentally is much lower than that predicted by thermodynamic analysis. This fact is an indication that the carbon-containing species obtained by the cleavage of butane and propane (CH 4 and C*) are not being fully converted to CO (or CO 2 ) and H 2 . In fact, the H 2 mole fraction obtained in both equilibrium and experimental conditions at 1073 K and 1173 K are lower than those obtained at 973 K. Thus, it can be generally concluded that the use of a ratio of H 2 O/LPG/O 2 = 7.0/1.0/0.25 and T = 973 K is the most suitable condition for the production of H 2 from LPG. This is because the excess water favors the formation of hydrogen with an intermediate operating cost and the addition of a small amount of oxygen promotes the removal of carbon deposits, contributing to the catalytic stability. YH 2 Experimental ; YH 2 Equilibrium ; YCO E xperimental ; YCO Equilibrium
CONCLUSIONS
From this work, it can be concluded that it is possible to produce high concentrations of hydrogen from LPG reforming. The gradual increase of temperature and the use of high water concentrations decrease the production of coke and increase the formation of H 2 . In this system, the final state of propane and butane cleavage is the production of C* and H 2 . The reaction of oxidative reforming of LPG was more suitable for the production of hydrogen and lower coke formation. Furthermore, excess water (H 2 O/LPG = 7.0) and intermediate temperatures (973 K) are the most suitable conditions for the process.
